Abstract-Circadian variation of nicotine-induced ambulatory activity in drug naive rats was investigated. To test ambulatory activity, male Wistar rats (4 weeks of age) housed under a 12 hr light-dark cycle (light on from 6:00 to 18:00) with dawn and dusk periods (each over 2 hr), for 25 days, were injected with nicotine (0.1 or 0.5 mg/kg) at one of six times each day
Abstract-Circadian variation of nicotine-induced ambulatory activity in drug naive rats was investigated. To test ambulatory activity, male Wistar rats (4 weeks of age) housed under a 12 hr light-dark cycle (light on from 6:00 to 18:00) with dawn and dusk periods (each over 2 hr), for 25 days, were injected with nicotine (0.1 or 0.5 mg/kg) at one of six times each day (2:00, 6:00, 10:00, 14:00, 18:00 and 22:00). These activities were recorded with an Ambulo-meter for 120 min immediately after subcutaneous injection of nicotine or 0.9% NaCI solution (saline). A large dose of nicotine (0.5 mg/kg) depressed the ambulatory activity and induced ataxia during the first 20 min, but the activity increased later in the test session at all times of the day. On the other hand, a small dose of nicotine (0.1 mg/kg) depressed the activity and induced ataxia during the first 20 min except at 14:00, but the activity depended on the lapse of time after the injection at all times. In circadian variations which developed higher susceptibility to the nicotine-induced ambulatory activity during successive 20 min segments of the test session, adminis tration of a large dose of nicotine resulted in two peaks of response, one occurring at 18:00 and another at 6:00, in the periods between 0-20 and 60-80 min after injection, but the peak of susceptibility occurred at 22:00 in the periods between 80-100 and 100-120 min after injection. However, with the administration of a small dose of nicotine, there was no development of two peaks of susceptibility at any time.
Many investigators have reported the effects of nicotine on the spontaneous motor activity in rats. However, their results are not conclusive since stimulant and/or depressant effects after nicotine injection have been observed. Bryson et al. (1) reported that the cause of the post-injection behavior of rats may depend upon drug factors (e.g., dosage levels, elapsed time, and the duration of nicotine treatment), the apparatus used to measure the activity, the light or dark con ditions and subject variables (e.g., age, sex and strain of animal). Gilbert (2) reported that nicotine produced various signs such as stimulation or depression of the central nervous systems. Clarke and Kumar (3) reported that study of the locomotor activity might help to elucidate the central actions of nicotine, and the drug might stimulate the activity after the initial period of depression in the time course study. The effects of nicotine at different times of the day have been examined and the results reported (1, 4-6). However, there is no clear report on the circadian variation and its susceptibility to nicotine in the time course study.
The present study was designed to examine the effects of nicotine on the circadian rhythm of spontaneous motor activity in rats.
Materials and Methods
Animals: Male Wistar rats aged 4 weeks (Kiwa Experimental Laboratories, Wakayama, Japan) weighing from 89 to 92 g were used. Rats were housed individually in a wire mesh cage of the following dimensions: 25 (width) x 18 (height) x 35 (depth) cm and were given a solid diet (MF: Oriental Yeast Co., Tokyo) and tap water ad libitum for 25 days. These experimentally-naive rats weighed 270-310 g at the start of the experiments.
Room conditions: The animal room was artificially illuminated with fluorescent lamps on a 12 hr light-dark cycle (light on from 6:00 to 18:00) with dawn and dusk periods (each over 2 hr). The room temperature was kept at 23 °C±2 °C, and the humidity was 60±10%.
Apparatus and procedure: Measurement of ambulatory activity was carried out with an automatic apparatus (Model GT-831020: O'Hara and Co., Ltd., Tokyo). The principles of the device and the method for measure ment of ambulatory activity in rats has been reported in detail by Tadokoro et al. (7). Rats were put into a cage (ambulo-cage) of 25(W) x 25(H) X 40(D) cm and the cumulative activity count during every 5 min segment was printed out with an electro magnetic counter (TIDP: O'Hara and Co., Ltd., Tokyo) in the adjacent room. Rats were tested for 120 min immediately after the injection of nicotine. Nicotine (Maruwaka, Osaka, Japan) was diluted with 0.9% w/v NaCI solution (Saline: Otsuka, Tokyo, Japan). All injections were given subcutaneously into the dorsal in a volume of 1 ml/kg. Control injections were of saline. Rats were administered nicotine (0.1 or 0.5 mg/kg) at one of 6 times each day (2:00, 6:00, 10:00, 14:00, 18:00 and 22:00). The periods of the measurements were from the 26th to the 28th day. The same treatment was carried out on two successive days.
Statistical analysis: Data were collected for every successive 20 min segment or total segments (120 min), and they were statistically analyzed by a two-factor analysis of variance (ANOVA). The first factor was the time-of-day (6 levels), and the second one was the dosage (3 levels, including the saline group).
Results Figure  1 shows the time-ambulatory activity curves of rats after the administration of nicotine or saline at one of six times each day (2:00, 6:00, 10:00, 14:00, 18:00 and 22:00). In the saline groups, the ambulatory activity declined over successive 20 min periods of the test session (120 min) at all times of the day. A large dose of nicotine (0.5 mg/kg) depressed the activity and induced ataxia during the first 20 min at all times and during the second 20 min except at 6:00, but the activity increased later. A small dose of nicotine (0.1 mg/kg) also depressed the activity at all times each day except at 14:00, and then the activity decreased, depending on the lapse of time following injection. Table  1 shows the total ambulatory activity counts of rats during the observation periods of 120 min. The periods of the highest total ambulatory activity counts after the administration of saline, small dose nicotine and large dose nicotine were at 22:00, 2:00 and 18:00, respectively. On the other hand, the periods of the lowest total ambulatory activity counts after the administration of saline and nicotine were at 14:00. AN OVA revealed some significant time-of-day, F (5,83) =9.461, P<0.001, and dose dependent, F(2,83)=3.498, P<0.05, changes in the ambulatory activity counts. Figure 2 shows circadian variations in susceptibility to the nicotine-induced ambulatory activity during successive 20 min segments of the test session (120 min). In the large dose of nicotine group, circadian variations in the ambulatory activity counts showed two peaks of susceptibility occurring at 18:00 and at 6:00, in periods between 0 20 and 60-80 min, but in the periods between 80-100 and 100-120 min, only one peak occurred at 22:00, whereas with a small dose of nicotine, no susceptibility peak was noted during anytime of day. The saline group had one peak of susceptibility which occurred at 2:00 or at 22:00 in the periods between 0-20 and 40-60 min, and then two peaks were noted in the periods between 60-80 and 100-120 min occurring at 18:00 and at either 2:00 or 6:00. ANOVA Table 1 . Each value represents the mean±S.E.M. 
Discussion
The present study shows that there is a circadian variation in the nicotine-induced ambulatory activity counts in the time course study. Holcslow et al. (8) and Radzialowsky and Bousquet (9) reported a circadian variation in the effects of hexobarbital and aminopyrine, respectively. They have emphasized that the circadian variation in the drug metabolizing enzyme activity in the liver is the main factor for the circadian variation in the effect of drugs. Although we had tried to investigate the circadian variation of nicotine oxidase activity in the rat liver, no remarkable induction of hepatic nicotine oxidase activity was found after nicotine treatment (10).
In the time course study at different times of the day, Bovet et al. (4) reported the opposite effects of nicotine on the light and dark periods of the nocturnal cycle of spon taneous motor activity measured with the activity wheel. They compared them with the effects of nicotine on the wheel-running activity during two periods of the nocturnal cycle (3 hr) after the injection of nicotine. Large and small doses of this drug were injected into each animal at 10:00 or 22:00. A large dose of nicotine (1.0 mg/kg) induced a significant stimulant effect during the light period, and it induced a significant sedative effect during the dark period, whereas a small dose of nicotine (0.2 mg/kg) induced a significant stimulant effect during the light period, but did not induce any sedation during the dark period. In the present study, rats were administered large (0.5 mg/kg) and small (0.1 mg/kg) doses of nicotine at 10:00 or 22:00, and the data were recorded for 120 min. In our results, a large dose of nicotine induced a stimulant effect during the light period and ataxia during the dark period, whereas a small dose of nicotine did not induce a stimulant effect in the total ambulatory activity counts during the light period. However, in circadian variations of successive 20 min segments of the test session (120 min), we recognized that the administration of a large dose of nicotine depressed the activity and induced ataxia in the first 20 min, but increased the activity later in the test session at all times of the day. Therefore, it is suggested that the effects of nicotine on the spontaneous motor activity may depend upon the time after injection, the injection-time of day and the dosage levels. Wolfe et al. (11) reported that temporal variations in effects of d-amphe tamine and chlorpromazine may reflect time dependent changes in tissue sensitivity to these CNS agents. These results may be associated with our finding of such variations.
On the other hand, in the time course study, Clarke and Kumar (3) reported that spontaneous motor activity was reduced in the first 20 min after injection of nicotine, and the activity increased later in the test session. In the present study, we obtained similar results with the administration of a large dose of nicotine at all times of the day. Rosecrans (12) reported that brain nicotine levels reached significantly high levels at 15 min after subcutaneous injection of nicotine (0.4 mg/kg). Thus, it appears that the reduced activity and ataxia observed in the first 20 min may closely correlate to the nicotine levels in the rat brain. Moreover, it is known that in nicotine-tolerant rats, mecamylamine prevents the stimulant effect of nicotine, whereas hexamethonium has a negligible effect (3). These results suggest that behavioral effects of nicotine are produced through some action at the nicotinic acetylcholine receptor sites of the rat brain (13), since these ganglion blocking drugs have been shown to differ in their relative penetration of the CNS (14). Our finding of nicotine-induced circadian variation may be concerned with behavioral production via the central nicotinic receptors.
